The dorsal striatum has been proposed to contribute to the formation of drug-seeking behaviors, leading to excessive and compulsive drug usage, such as addiction. The current study aimed to investigate the involvement of extracellular signal-regulated kinase (ERK) pathway in the modification of striatal synaptic plasticity. Methods: Ethanol was administered to rats in drinking water at concentration of 6% (v/v) for 30 days. Rats were sacrificed on day 10, 20, or 30 during ethanol intake or on withdrawal day 1, 3, or 7 following 30-d ethanol intake. The striata were removed either for electrophysiological recording or for protein immuno-blot analysis. Extracellular recording technique was used to record population spikes (PS) induced by high-frequency stimulation (HFS) in the dorsolateral striatum (DLS). Results: Corticostriatal long-term depression (LTD) was determined to be dependent upon ERK signaling. Chronic ethanol intake (CEI) attenuated ERK phosphorylation and LTD induction, whereas withdrawal for one day (W1D) potentiated ERK phosphorylation and LTD induction. These results showed that the impact of chronic ethanol intake and withdrawal on corticostriatal synaptic plasticity was associated with ethanol's effect on ERK phosphorylation. In particular, pharmacological inhibition of ERK hyper-phosphorylation by U0126 prevented LTD induction in the DLS and attenuated ethanol withdrawal syndrome as well. Conclusion: In rat DLS, chronic ethanol intake and withdrawal altered LTD induction via ERK signaling pathway. Ethanol withdrawal syndrome is mediated, at least partly, by ERK hyper-phosphorylation in the DLS.
Introduction
Addiction is increasingly viewed as a pathological process of learning, involving cell signaling and synaptic mechanisms similar to those implicated in neural models of learning and memory [1] [2] [3] [4] . Synaptic plasticity is required for neuroadaptations that result from a variety of environmental stimuli. Therefore, it is attractive to hypothesize that drug abuse causes long-term changes in behavior by altering synaptic function and plasticity in relevant brain circuits.
The involvement of the ventral striatum, or nucleus accumbens (NAc), in mediating drug reward and reinforcement is well established [2, [4] [5] [6] . Recently, it has also been proposed that the dorsal striatum (caudate nucleus and putamen) is likely to be involved in advanced stages of addiction when drug use progresses toward a compulsive, habitual pathology [2, 5, 6] . Previous work from our lab [7] has shown that synaptic plasticity in the rat dorsal striatum was altered by chronic ethanol exposure and withdrawal. However, the relevant underlying molecular mechanism remains unclear.
It has been reported that extracellular signal-regulated kinase (ERK1/2, also known as p44 and p42 MAPK) signaling plays an important role in the induction of long-term potentiation (LTP). For example, stimuli inducing LTP in area CA1 of the hippocampus potently activate ERK [8] , whereas pharmacological inhibition of MEK, an upstream activator of ERK, inhibits LTP [8, 9] . The participation of ERK in synaptic plasticity has also been found in other brain regions [10, 11, 12] (eg, LTD in the cerebellum and LTP in the visual cortex).
Furthermore, several studies [13] [14] [15] have suggested that the ERK signaling pathway is one of the targets of ethanol. For example, acute application of ethanol has been shown to attenuate MAPK activation in cultured cortical neurons and in mouse cerebral cortex in vivo [13] . A reduction of MAPK activation by chronic intermittent ethanol treatment was Alteration of synaptic plasticity in rat dorsal striatum induced by chronic ethanol intake and withdrawal via ERK pathway www.nature.com/aps Cui SZ et al Acta Pharmacologica Sinica npg observed in the amygdala, the cerebellum, the striatum and the hippocampus [14] . Based on these results, we hypothesized that changes in ERK activation by ethanol may contribute to the modulation of corticostriatal plasticity following chronic ethanol intake (CEI) treatment. In the present study, we first investigated whether corticostriatal LTD, as indicated in other brain regions, was ERK dependent. We then compared the effects of CEI and withdrawal treatment on ERK activation and corticostriatal LTD induction. The results showed that the ERK signaling pathway was involved in both striatal LTD induction and the impairment of synaptic plasticity produced by CEI/withdrawal treatment.
Materials and methods

Animals and drug application
Male Sprague-Dawley rats (grade II) from the Experimental Animals Center of Jiangsu Province (Certification No 97001) weighing 150-170 g were housed in cages on a 12-h dark/ light cycle (light on at 7:00 am) with ad libitum access to food and water. Upon arrival in the laboratory, the animals were allowed to acclimate to the housing facilities for 3 d before use. All procedures were performed in accordance with the guidelines for the care and use of animals provided by the Experimental Animal Center of Jiangsu Province.
Ethanol was administered in drinking water at a concentration of 6% (v/v) for 30 consecutive days. Rats were sacrificed on day 10, 20 or 30 during ethanol intake or on withdrawal day 1, 3 or 7 following 30 days of ethanol intake.
U0126, a selective inhibitor of MEK (ERK kinase), was dissolved in 1% dimethyl sulfoxide (DMSO) and delivered through intracerebroventricular (icv) injection (100 µg/rat) or bath application. DMSO was diluted with saline (sterilized 0.9% sodium chloride solution, pH 7.0). In contrast to icv injection, a final DMSO concentration of 0.1%, instead of 1%, was used in bath application.
For icv injection, rats were anesthetized with pentobarbital sodium (50 mg/kg, ip). Guide cannulas (2.5 mm in length, 23 gauge) were implanted bi-ventricularly (A-P -0.3 mm from bregma; M-L±1.2 mm from the midline) and anchored to the skull with stainless steel screws and dental cement. A wire stylet was inserted in the guide until microinjection was made. Freshly prepared reagents (U0126 or DMSO) were injected using a stepper-motorized micro-syringe (Stoelting, Wood Dale, IL, USA) at a rate of 1 μL/min (final volume=5 µL/side). The left half of the striata was used for phospho-ERK/ERK detection, whereas the right half of the striata was used for electrophysiological recording.
Brain slice preparation Rats were anesthetized with halothane and killed by decapitation. The brains were then rapidly removed and cooled in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mmol/L): 126 NaCl, 2. Field potential recording Extracellular recording electrodes, pulled on a horizontal micropipette puller (Sutter P97; Sutter Instruments, Novato, CA, USA) and filled with 2 mol/L NaCl (electrode impedance 3-8 MΩ), were placed within the striatum, located 1-2 mm ventral from the white matter, and set at the depth where maximal evoked population spike (PS) amplitude was observed. Field potentials were evoked by a constant current stimulus (50-200 μA, 100 μs duration) applied to the white matter via a glass-coated tungsten bipolar stimulating electrode placed dorsally with respect to the recording electrode. Baseline responses were set to half-maximal amplitude. Stable responses were recorded for 20 min prior to high-frequency stimulation (HFS; four bursts consisting of 100 pulses at 100 Hz delivered every 20 s). Stimulus intensity was adjusted to a level evoking maximal response during HFS.
The majority of the slices were also subjected to maximal stimulation at the end of the experiment to ensure that no significant deterioration of the slices had occurred during the experiment, as determined by the presence of a maximal PS in response to such stimulation.
Data were filtered (high-pass, 0.1 Hz; low-pass 3 kHz), amplified and digitized using an Axoclamp 2B amplifier and Digidata 1200 interface (Axon Instruments, CA), and then stored in a computer by pClamp 6.0 software and analyzed using Clampfit software.
Western blot assays Dorsolateral striata were micro-dissected on ice using established anatomical landmarks. They were then immediately frozen in liquid nitrogen and stored in a -80°C freezer until use. For experiments, all of the samples were homogenized in lysis buffer containing the following: 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 5 mmol/L EDTA, 10 mmol/ L NaF, 1 mmol/L sodium orthovanadate, 1% TritonX-100, 0.5% sodium deoxycholate, 1 mmol/L phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Complete; Roche, Mannheim, Germany). Protein extracts were quantified using BCA assay (Pierce, Rockford, IL, USA), normalized, size-fractionated by 10% SDS polyacrylamide gel electrophoresis (50 μg/lane) and transferred to nitrocellulose membranes. Then blots were blocked for 1 h with 5% bovine serum albumin or skim milk in 0.1% TBS-Tween at room temperature. Phosphorylated forms of ERK were determined by immunodetection with a specific antibody against Thr202 and Tyr204 phospho-www.chinaphar.com Cui SZ et al Acta Pharmacologica Sinica npg rylation sites (Cell Signaling Tech, MA) at a dilution of 1:1000 in the same solution used for blocking. After incubation overnight at 4 °C with the primary antibody, blots were repeatedly washed in 0.1% TBS-Tween and incubated with a 1: 2000 dilution of a HRP-conjugated secondary antibody in 0.1% TBSTween for 1 h. Following further washes and incubation with a chemiluminescent substrate (Pierce), the blots were exposed to Kodak Biomax MR film. Western blots probed for phosphorylated ERK were stripped in 62.5 mmol/L Tris-HCl (pH 6.8), 2% SDS, and 100 mmol/L 2-mercaptoethanol for 30 min at 50 °C. As a control, the blots were then blocked and reprobed to detect total ERK (non-phosphorylated + phosphorylated). Autoradiograms were scanned and quantified using QuantityOne software.
Data analysis LTD was defined as a stable decrease in field potential amplitude (>15%) 40 min post-HFS. The percentage change in field potential amplitude was determined by normalizing the mean response measured 50-60 min post-HFS to the mean response measured over the 10-min period immediately prior to tetanic conditioning.
Statistical analyses were performed using ANOVA followed by Student-Newman-Keuls post-hoc test. To evaluate differences between two treatments, two-tailed Student's t-test comparison was performed. Values of P<0.05 were considered statistically significant. All values are expressed as means±SEM (unless otherwise stated).
Results
Induction of corticostriatal LTD was blocked by U0126
U0126 is a specific membrane-permeable inhibitor of MAPK kinase (MAPKK, also known as MEK), which phosphorylates and activates ERK1/2 [16] . To assess whether ERK activation plays a role in striatal synaptic plasticity, as has been suggested for other brain regions, U0126 was bath applied to the recording slices. Four rats, weighing 250±8.2 g, were used in this experiment.
As shown in Figure 1A , Western blot analysis revealed that basal ERK phosphorylation in DLS was markedly reduced following 30-min bath application of 20 μmol/L U0126 (0.41±0.08, n=4, P<0.05 vs control), as we expected, whereas the basal ERK phosphorylation remained unchanged (0.93±0.06, n=4) following 30-min bath application of 0.1% DMSO compared to control.
The baseline PS amplitude (mean responses of 10 min immediately prior to HFS) was -0.8±0.15 mV (n=8 slices) in the control group, -0.77±0.18 mV (n=8 slices) in the DMSO group, and -0.75±0.14 mV (n=7 slices) in the U0126 group. There was no significant difference between baseline PS amplitude in the control group and DMSO/U0126 group, which indicates that bath application of either DMSO or U0126 had no direct effect on basal synaptic transmission in DLS.
In DMSO-treated slices, the mean PS amplitude, measured at 50-60 min post-HFS, decreased (relative to baseline) to 54.4%±5.2% (n=8 slices, Figure 1B) , which was similar to that recorded in normal ACSF (49.8%±6.4%, n=8 slices, Figure  1B ). This indicates that LTD can be reliably elicited in DMSOtreated slices, consistent with the above-mentioned results demonstrating that DMSO had no effect on ERK phosphorylation. In contrast, the mean PS amplitude post-HFS in U0126-treated slices was 96.3%±6.9% (n=7 slices, Figure 1B These data demonstrated that striatal LTD is phospho-ERK dependent.
ERK phosphorylation was altered during chronic ethanol intake and withdrawal Rats were divided into seven groups (n=5 in each group): CTL (fed with tap water for 24 days), CEI10, CEI20, CEI30 (fed with 6% (v/v) ethanol for 10, 20, 30 d, respectively), WD1, WD3, and WD7 (withdrawal for 1, 3, and 7 d after 30 d of ethanol intake). The body weights (mean±SD in g) of rats in each group were as follows: CEI10 (205.6±10.9), CEI20 (245.2±11.3), CTL (262.2±10.2), CEI30 (297±10.5), WD1 (304.4±11.9), WD3 (318.2±14.8), and WD7 (336.6±16.1). Preliminary studies showed no significant differences in basal phospho-or total ERK protein levels within this weight range of rats.
Western blot results ( Figure 2) showed that in DLS, chronic ethanol intake induced a decrease in ERK phosphorylation in the CEI10 (0.54±0.05, P<0.05), CEI20 (0.43±0.08, P<0.05) and CEI30 (0.76±0.07, P<0.05) groups, respectively, in comparison with the CTL group. In contrast, phospho-ERK levels increased in the WD1 group (1.32±0.08; P<0.05 vs CTL) and showed no statistically significant changes in either the WD3 group (0.96±0.10, n=5) or the WD7 group (0.88±0.12, n=5). These results indicate that in the DLS, chronic ethanol intake reduces ERK phosphorylation, whereas ethanol withdrawal enhances ERK phosphorylation transiently. Next, we determined whether chronic ethanol intake-and withdrawalinduced activities of ERK phosphorylation correlated with striatal LTD induction.
Changes of striatal LTD induction caused by chronic ethanol intake and withdrawal were associated with alterations in ERK phosphorylation CEI10 (lower phospho-ERK) and WD1 (higher phospho-ERK) groups were selected to determine whether changes in corticostriatal LTD induction would coincide with ERK phosphorylation following chronic ethanol intake or withdrawal.
U0126 or vehicle (1% DMSO) was delivered through icv injection for 3 consecutive days prior to decapitation to manipulate ERK activity to verify the relationship between corticostriatal synaptic plasticity and ERK phosphorylation. The pairfed rats, as the control group, received sham surgery.
As shown in Figure 3 , using a tetanus stimulation (four bursts consisting of 100 pulses at 100 Hz delivered every 20 s), LTD was readily induced in control brain slices (PS amplitudes post-HFS at 50.1%±5.1% of baseline, n=13. Figure 3B ). In the CEI10+DMSO groups, the PS amplitudes post-HFS increased to 81.2%±4.4% of baseline (n=11, P<0.05 vs control), whereas phospho-ERK levels decreased to 0.58±0.11 (n=5, P<0.05 vs control; Figure 3A) , which was consistent with the results shown in Figure 2 . In the CEI10 + U0126 group, the PS amplitudes post-HFS increased to 101.7%±7.8% of baseline (n=10, P<0.01 vs control) along with a marked decrease in phospho-ERK levels (0.31±0.08, n=5, P< 0.01 vs control). These data demonstrated an increase in the PS amplitudes post-HFS (in comparison with CTL) that accompanied a decrease in phospho-ERK levels in the CEI10 group or the CEI10+U0126 group, indicating that the attenuation or blockade of LTD induction might be related to changes in ERK phosphorylation.
In the WD1+DMSO group, phospho-ERK levels increased to 1.53±0.1 of control (n=5, P<0.05 vs control; Figure 4A ). However, no differences in the PS amplitudes post-HFS were found between the WD1+DMSO group and the CTL group (data not shown), as we would have expected.
This discrepancy could be accounted for the increased ERK phosphorylation as a result of HFS of corticostriatal fibers because corticostriatal fibers stimulate ERK signaling through the activation of glutamate receptors and an increase in intracellular calcium. In agreement with our hypothesis, when a weaker stimulation protocol (two bursts instead of four bursts) was utilized, a greater depression of the PS amplitudes post-HFS in WD1+DMSO groups (34.5%±4.8% of baseline vs 58.5%± 5.6% of baseline in CTL group, P<0.05, Figure 4B ) was observed.
When U0126 was infused through icv injection in the WD1+U0126 group, the PS amplitudes post-HFS increased Figure 4A ), whereas phospho-ERK levels decreased to 0.35±0.08 (n=5, P<0.01 vs control; P<0.01 vs WD1+DMSO, Figure 4B ) of control, suggesting that LTD formation was inversely related to ERK activation. Taken together, these results strongly indicated that chronic ethanol intake and withdrawal altered corticostriatal LTD induction via its effect on ERK phosphorylation in DLS.
Ethanol withdrawal syndrome was attenuated by the infusion of U0126 The ethanol withdrawal scores in both the WD1+DMSO group and the WD1+U0126 group were evaluated by an observer unaware of the drug treatment. The rating scale for the behavioral signs of ethanol withdrawal syndrome was used as described previously [7] . In congruence with the findings that icv infusion of U0126 can prevent both ERK hyperphosphorylation and LTD induction in WD1 rats (Figure 4) , ethanol withdrawal signs were also alleviated by the infusion of U0126, which is illustrated in Figure 5 .
Discussion
In the present study, we demonstrated that chronic ethanol intake decreased ERK phosphorylation, whereas ethanol withdrawal increased ERK phosphorylation transiently in rat DLS. Moreover, we showed that the alteration in corticostriatal synaptic plasticity induced by chronic ethanol intake and withdrawal occurred through the activation of ERK signaling pathway.
Both forms of long-lasting synaptic plasticity, LTP and LTD, can be induced by high-frequency synaptic stimulation of striatal neurons. In vivo studies demonstrated a preferential expression of LTP upon stimulation of cortical afferents [17, 18] . In contrast, in striatal slices, LTD is the predominant form of plasticity observed following high-frequency afferent stimulation [19] [20] [21] . LTP could only be induced in vitro using pharmacological manipulation, such as the blockade of dopamine receptors or the removal of extracellular magnesium [22] . Subsequent investigations delineated two intriguing factors that help to determine the direction of changes in synaptic efficacy at striatal synapses, namely the region of the striatum examined and the age of the animal [23, 24] . Accordingly, LTP is preferentially expressed in dorsomedial striatum in younger rats under normal physiological conditions. This is consistent with the fact that synapses within the striatum develop along a lateralmedial gradient, with the synapses in lateral striatum maturing earlier than those in medial striatum [25] . Nevertheless, it is not surprising that LTD was invariably recorded in our experiment, given the use of older rats (2-3 months) and the recording subregion of striatum (DLS).
Although it has been previously shown that ERK phosphorylation is required for both LTP [9, 10] and LTD [26, 11] in hippocampal CA1 as well as LTD in the cerebellum [8] and LTP in other cortical areas [12] , we provide the first evidence that ERK activation is required for striatal LTD induction.
The ethanol-induced modulation of ERK activity in vitro has been controversial, with potentiation reported by some [27, 28] and depression by others [29] [30] [31] . However, in vivo exposure data are more consistent, revealing an ethanol-induced decrease in [13] [14] [15] , except in the report from Bachtell et al [32] . Our data are in agreement with previous reports in which chronic ethanol exposure in vivo decreased ERK phosphorylation. It should be noted that in CEI30 groups, the suppression of phospho-ERK levels was, while still significant, attenuated, which may reflect the adaptation or tolerance to long-term alcohol consumption. We also demonstrated an enhancement of ERK phosphorylation briefly after withdrawal [14] . This may be related to increased neural activity following disinhibition or hyperexcitability caused by ethanol withdrawal.
The mechanisms underlying the effects of chronic ethanol exposure on ERK phosphorylation are still under investigation. However, studies showing the activation of MAP kinase by Ca 2+ via NMDA receptors or voltage-dependent Ca 2+ channels have been very well documented [33] [34] [35] . Since ethanol inhibits both voltage-gated Ca 2+ channels and NMDA receptor-associated Ca 2+ influx [36] [37] [38] , it is possible that a decrease in the Ca 2+ concentration in striatal neurons might decrease the phosphorylation of MAP kinase. Future studies will be required to identify the site and mechanism underlying the effects of ethanol on this pathway.
Anatomical studies have shown projections from the cortex to the medial striatum, including visual, auditory and limbic (ie, hippocampus, entorhinal and piriform cortices) afferents. In contrast, most cortical projections to the lateral striatum are of sensorimotor origin and, to a lesser degree, auditory and visual afferents [39] . Accordingly, recent studies suggest that the dorsomedial and dorsolateral striata have differential roles in different learning and memory paradigms. The dorsomedial striatum, in particular, has been shown to be critical for the learning of goal-directed actions. In contrast, the dorsolateral striatum appears to be involved in the formation of habits [40, 41] . By showing that chronic ethanol intake and withdrawal differentially altered synaptic plasticity in dorsolateral striatum through ERK signaling pathway, our findings suggest that chronic alcohol abuse could disrupt the habit-formation process, and this neural maladaptation may consequently lead to habitual drug-seeking behavior.
To summarize, our current studies have shown that induction of corticostriatal LTD in rat is differentially altered by chronic ethanol intake and withdrawal, which occurs through ERK signaling pathway. Understanding the biochemical mechanism underlying chronic ethanol treatment-induced changes in striatal synaptic plasticity may aid in the development of more effective therapeutic agents for alcohol abuse.
